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Abstract

In an attempt to establish a primate model of chronic cadmium (Cd) toxi-
cosis, we ovariectomized cynomolgus monkeys and treated with CdCl. by re-
peated intravenous injections for 13 to 15 months. The animals showed an in-
crease in blood glucose from Month 10 and a decrease in blood insulin at
Month 11of the Cd-treatment. Histopathological examination of the Cd-
treated animals revealed islet atrophy with reduction in islet number and
vacuolation of the islet cells, whereas there was no remarkable change in the
acinar cells of the exocrine pancreas. In histomorphometrical examination,
insulin-positive areas in the islets were significantly decreased, accompanying
a relative increase of glucagon-positive areas. Large amounts of Cd accumu-
lated in the pancreas, and metallothionein (MT), a Cd binding protein, was lo-
calized in the islets of Cd-treated animals. The present study demonstrated
that the chronic intravenous injection of Cd to cynomolgus monkeys induced
the accumulation of the metal in the pancreas, degeneration of islet B cells
and the diabetic clinical signs. Therefore the islet B cell is one of the major tar-
gets of the chronic Cd poisoning in monkeys.
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Introduction

Cadmium (Cd) is a ubiquitous environ-
mental pollutant and toxic to the kidney and
bone"”. Itai-itai disease (IID, “Ouch-ouch dis-
ease” in English) is the most morbid example
of chronic Cd intoxication. IID is character-
ized with clinical disorders such as renal ane-
mia, tubular nephropathy and osteomalacic

osteopenia'"***

. Recently, we conducted long-
term repeated-dose toxicity studies of Cd to
reproduce experimental models of IID and
succeeded in developing murine and primate
(cynomolgus monkeys) models™*"**"” In
these studies, we noticed that the Cd-treated
monkeys occasionally showed the increases of
blood glucose and glycosuria. IID patients
have been reported to reveal glycosuria® and
the pancreas is one of the accumulation sites
of Cd in humans in Cd-polluted area”. These
findings prompted us to investigate the ef-
fects of Cd intoxication on the pancreas and
carbohydrate metabolism of the primate
model. The pathological findings of the bone
and kidney in the primate model will be pub-

lished elsewhere.
Materials and Methods

Animals and treatment

Nine female cynomolgus monkeys (Indo-
nesian origin, more than 5 years old) were
purchased from CLEA Japan (Kanagawa, Ja-
pan). The animals were quarantined and ac-
climated for about 6 months, and showed no
abnormalities in their general health condi-
tions during the quarantine and acclimation
period. Thus, these animals were subjected to
bilateral ovariectomization (OVX) under pen-
tobarbital anesthesia.

The OVX animals were
housed in cages throughout the experimental
period. The environmental conditions of the

individually

animal room were maintained as follows :

temperature at 24-28°C, relative humidity at
40%-70% and lighting for 12 hr. Animals were
provided every day with 100 g of normal pri-
mate diet (CMK-1, CLEA Japan) and addi-
tives such as banana, and were also allowed
free access to drinking water. For drinking
water, tap water was used after it was passed
through a 5-um filter and irradiated with UV.
All animal care was performed in compliance
with the Guidelines for Animal Test estab-
lished at Mitsubishi Chemical Safety Insti-
tute Ltd.

Experimental design
One month after OVX, animals were ran-

domly assigned to the following three groups
to give practically equal mean body weights of
the allocated animals in the groups : the con-
trol group (n=4), CdCl: 1.0-mg/kg group (n
= 3) and CdCL 2.5-mg/kg group (n=2).
At the initiation of the Cd treatment, the body
weights ranged from 3.14 to 3.70 kg. CdClL:

(Purity . >95%, Wako Pure Chemical In-
dustries Ltd., Osaka, Japan) was dissolved in
saline and intravenously administered in a
constant dosing volume of 0. 1ml/kg through
the tail vein 3 times a week for 13 to 15
months. Animals in the control group were
treated with vehicle. The actual dosing vol-
umes for individual animals were calculated
from their body weights determined on a
weekly basis. The animals of the 2.5-mg/kg
group, however, showed severe anemia in
Month 9. Therefore, the dosing frequency
was reduced to twice weekly for the rest of the
treatment period.

Blood chemical examination and urinalysis
Blood samples for the examination of
blood glucose and insulin levels were collected
in the morning from the femoral vein before
treatment and at 1-month intervals during
the Cd treatment period. Animals were fasted
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from 17 : 00 on the day before every blood
sampling . Blood glucose was analyzed by
GlcK-G 6 PDH method on an auto-analyzer
(736-10, HITACHI Ltd., Tokyo, Japan) by us-
ing plasma samples obtained on centrifuga-
tion of heparin-treated blood samples. A blood
insulin level of the serum samples obtained at
Month 11 of the Cd-treatment was analyzed
by radioimmunoassay method at Mitsubishi
Chemical BCL Co., Ltd. (Tokyo, Japan) .
Fresh urine samples were also obtained be-
fore treatment and at 1-month intervals in
the morning, and urine glucose levels were
measured by a paper-test (Multistix®, Bayer
Medical, Ltd., Tokyo, Japan) .

Histopathological examination on the pan-
creas

At necropsy, tissue samples of the pan-
creas were collected and fixed in 10% neutral
buffered formalin solution, and routinely
processed for histopathological sections of he-
matoxylin and eosin stain. The successive sec-
tions of the pancreas were immunostained
with ABC methods using anti-human metal-
lothionein ( MT ) antibody ( DAKO Japan,
Kyoto, Japan), anti-swine insulin antibody
(DAKO Japan) and anti-human glucagon an-
tibody (DAKO Japan) . Islet areas and num-
bers in the pancreas were estimated at hema-
toxylin and eosin sections using an image
analyzer (IPAP, Sumika-Technos Inc., Osaka,
Japan), and the ratios of islet areas and islet
numbers per pancreatic tissue area were cal-
culated. The ratios of insulin- and glucagon-
positive areas per pancreatic tissue area were
also measured using the same instrument on
the immunostained sections.

Analysis of tissue Cd and MT contents in the
liver, kidney and pancreas

Small portions of the livers, kidneys and
pancreas collected at necropsy were dissolved

inl4-N nitric acid. Cd contents in these tis-
sues were measured on an atomic absorption
spectrophotometer (AA -680, Shimadzu Co.,
Kyoto, Japan). MT contents in the liver and
kidney were analyzed by a Cd saturation-
hemolysate method”. The MT concentrations
were calculated, on the basis of nanomoles of
MT per gram wet tissue, by assuming that 7
Cd atoms bind to 1 MT molecule.

Results

Body weight change

Animals treated with Cd at 2.5mg/kg
showed gradual reduction in body weight
from Month 6 , while animals treated with Cd
at 1.0 mg/kg as well as those treated with ve-
hicle alone (control group) showed no signifi-
cant changes in body weight throughout the
treatment period. None of the animals of all
the groups showed the loss of appetite during
the treatment period.

Findings of blood chemistry and urinalysis

Two animals in the 2. 5-mg/kg group and
one animal in the 1. 0-mg/kg group showed an
increase in blood glucose at Month 10 (Fig. 1
a). These animals also showed low blood in-
sulin levels at Month 11 (Fig. 1b). All ani-
mals treated with Cd discharged glucose posi-
tive urine from Month 5 or after.

Histopathological findings and histomorpho
metry of pancreatic islet

On necropsy, the pancreas of all monkeys
showed no remarkable change. Histological
examination revealed Cd-treatment caused
atrophy of the islet and vacuolation of the is-
let cell (Figs. 2a,band c). On the other hand,
no histological abnormalities were found in
the exocrine acinar cells. Histomorphometri-
cal examination revealed significant de-
creases in relative number, mean and relative
areas of the islets to pancreatic tissue in Cd-
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a. Change in blood glucose

b. Glucose & insulin (Month 11)

500y 40 P
400 sof
E ¢
S 300 2 : : : : s
Y = 20 b g oo oo
g £ ®
200} 2 : '  m '
10
100} &
N L S A o m
Ol s e L | | l j
036 912150 3 6 912150 3 6 9 1215 0 100 200 300 400
(Months of Cd treatment) Glucose (mg/dl)
Fig. 1 Changes in plasma glucose and a relationship between glucose and insulin levels at Monthll in ova-

riectomized cynomolgus monkeys treated with Cd. Panel a : plasma glucose level. Panel b : relation-
ship between plasma glucose and insulin levels. <> : control group (n=4), @ : 1.0-mg/kg group

(n=23), M :2.5-mg/kggroup (n=2).

Fig. 2 Histopathological changes in the pancreas of the ovariectomized cynomolgus monkeys treated with
Cd for 13 to 15 months. Panels a, b and ¢ : hematoxylin and eosin staining of the pancreas from con-
trol (a),1.0-mg/kg (b) and2.5-mg/kg (c) groups.Islets in the Cd-treated groups are atrophic and

vacuolation of the islets is illustrated at (c).

treated animals (Figs. 3a,b and c¢). In the
microscopic and histomorphometrical exami-
nation on the immunostained sections for in-
sulin and glucagon, insulin positive areas de-
creased significantly or disappeared (Figs. 4
a,b and c and Fig. 6 a), whereas there was no

Scale bar=100 um

obvious change in glucagon positive areas
(Figs. 5a, b and c and Fig. 6 b). The pancre-
atic tissues of Cd-treated animals were
strongly positive for MT in immunostaining.
The positive reaction for the MT was more re-
markable in the islet areas, where the cyto-
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b. Mean islet area
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c. Relative area
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cynomolgus monkeys treated with Cd for 13 to 15

months. Panel a : number of islets /mm’ of pancreatic tissue. Panel b : mean area of islets. Panel c :
relative area of islet to pancreatic tissue. Columns indicate the means in the control (n=4), 1.0-mg
/kg (n=3) and 2.5-mg/kg (n=2) groups, and symbols indicate the values in individual monkeys.

Fig. 4

Insulin-immunostaining of the pancreas in the ovariectomized cynomolgus monkeys treated with Cd

for 13 to 15 months. Panels a, b and c : the pancreatic islets from control (a),1.0-mg/kg (b) and 2.5
-mg/kg (c) groups. Insulin-positive cells decreased in number at the islets of the Cd-treated groups.

Scale bar=100 um

plasma was also strongly positive as well as
nucleus. On the other hand, cytoplasmic reac-
tion in acinar area was less remarkable than
that of the nucleus (Figs. 7a,bandc).

Tissue concentrations of Cd and MT

In all Cd-treated animals, large amounts
of Cd accumulated in the liver, kidney and
pancreas (Figs. 8a,bandc). The concentra-
tion of Cd in the pancreas was about 650 and
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Fig. 5 Glucagon-immunostaining of the pancreas in the ovariectomized cynomolgus monkeys treated with
Cd for 13 to 15 months. Panels a,b and ¢ : the pancreatic islets from control (a),1.0-mg/kg (b) and
2.5-mg/kg (c) groups. Glucagon-positive cells are preserved in the Cd-treated groups. Scale bar=

900 ug/g wet tissue for the 1.0- and 2. 5-mg/kg
groups, respectively, which were rather higher
than those in the kidney. MT concentrations
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Positive areas to insulin- and glucagon-immunostaining in
ovariectomized cynomolgus monkeys treated with Cd for 13 to
15 months. Panel a : relative insulin-positive area to islet area.
Panel b : relative glucagon-positive area to islet area. Columns
indicate the means in the control (n=4) ,1.0-mg/kg (n=3)
and 2.5-mg /kg (n= 2) groups, and symbols indicate the val-
ues in individual monkeys.

in the above organs were remarkably elevated
in a proportion to a rise of Cd concentrations
in those organs (Figs. 9a,bandc).



Yoshimasa Kurata et al. 181

Fig. 7 MT-immunostaining of the pancreas in the ovariectomized cynomolgus monkeys treated with Cd for
13 to 15 months. Panels a, b and c : the pancreatic islets from control (a),1.0-mg/kg (b) and 2.5-mg
/kg(c) groups. MT-positive cells are localized in the islets of Cd-treated monkeys. Scale bar=100 um
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Fig. 8 Tissue concentrations of Cd in ovariectomized cynomolgus monkeys treated with cadmium for 13 to
15 months. Panels a, b and ¢ : Cd concentrations in the liver (a) , kidney (b) and pancreas (c) . Col-
umns indicate the means in the control (n=4) ,1.0-mg/kg (n=3) and 2.5-mg/kg (n= 2 ) groups,
and symbols indicate the values in individual monkeys.

post-menopausal women®”. Furthermore, we

Discussion injected Cd intravenously, since the intestinal

In the present study, we ovariectomized absorption rates of Cd in animals and human
female monkeys before Cd treatment to put are low . 5t07 % for humans™, and 0.36 to
their Cd metabolisms in a postmenopausal- 0.54% for rats”. Cadmium administrated

like condition, since 90% of IID patients are perorally or intravenously deposits in various
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Fig. 9 Tissue concentrations of MT in ovariectomized cynomolgus monkeys treated with Cd for 13 to 15

months. Panels a,b and ¢ : MT concentrations in the liver (a), kidney (b) and pancreas (c). Col-
umns indicate the means in the control (n=4) ,1.0-mg/kg (n=3) and 2.5-mg/kg (n=2) groups,
and symbols indicate the values in individual monkeys.

organs such as the kidney and liver”. The
pancreas is one of the major accumulation
sites of Cd"*'*', however the effects of Cd on
the pancreas have not been examined exten-
sively. Some IID patients show glycosuria®,
however neither the functional and histologi-
cal changes of the pancreas of the patients nor
the relationship of those changes with Cd de-
posited in the organ has been elucidated.
Large amounts of Cd deposited in the
pancreas of the monkeys after long-term and
repeated injections of CdCl: in the present
study. Those pancreas showed atrophy, reduc-
tion in islet number and vacuolation of the is-
let cells. Cadmium in the organs is bound
with MT"® . Immuno-histochemistry demon-
strated the marked positive reaction of MT at
the islets, thus indicated the accumulation of
Cd in the islets. Furthermore, histochemical
staining for insulin and glucagon revealed a
specific damage on the insulin-positive cells
(B cells). These results indicate that Cd ac-
cumulated in the pancreas damaged islet cells,

especially B cells of monkeys and induced dia-
betic clinical signs such as hyperglycemia and
glycosuria.

In conclusion, chronic intravenous injec-
tion of Cd to cynomolgus monkeys induced the
accumulation of the metal in the pancreas, de-
generation of B cells of pancreatic islets and
diabetic clinical signs. These results suggest
that the pancreas is one of the major target
organs of the chronic Cd poisoning and the
pancreatic endocrine functions should be as-
sessed in evaluating the health effects of
chronic Cd-exposure in humans.
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